Release of Ca 2+ from endoplasmatic retriculum (ER) Ca 2+ stores causes stromal interaction molecules (STIM) in the ER membrane and ORAI proteins in the plasma membrane (PM) to interact and form the Ca 2+ release activated Ca 2+ (CRAC) channels, which represent a major Ca 2+ entry route in non-excitable cells and thus control various cell functions. Extracellular reactive oxygen species (ROS) can modulate the CRAC current ICRAC via oxidation of ORAI1. We formulate a reaction-diffusion model to quantify the STIM1-ORAI1 interaction during CRAC channel formation and analyze different ORAI1 channel stoichiometries and different ratios of STIM1 and ORAI1 in comparison with experimental data. We incorporate the inhibition of ORAI1 channels by ROS into our model and calculate its contribution to the CRAC channel amplitude. We find that the possibility of reactions between CRAC channel subunits and established CRAC channels tunes the total amount of Ca 2+ influx and determines which CRAC channel configuration is mostly preferred. High numbers of ROS-inhibited ORAI1 dimers (in comparison to non-inhibited ORAI1 dimers) are needed to induce a strong decrease of Ca 2+ influx compared to the wildetype (WT) case.
I. INTRODUCTION
Temporally and locally controlled changes of the intracellular Ca 2+ concentration drive a plethora of cellular functions [1] [2] [3] . While electrically excitable cells utilize voltage gated Ca 2+ channels to achieve rapid changes in intracellular Ca 2+ concentration [2] , immune cells require slower but long-lasting changes in intracellular Ca 2+ concentration for activation and cytokine production [4, 5] . In these cells activation of T-cell receptors and other PLC coulped receptors results in a depletion of intracellular Ca 2+ stores (endoplasmatic reticulum, ER). This results in an increased intracellular Ca 2+ concentration, which by itself is not sufficient to trigger long-term immune cell activation and translocation of the nuclear factor of activated T-cells (NFAT). Thus extracellular Ca 2+ needs to be ingested into the cell.
For long-lasting Ca 2+ influx the information about the filling state of the ER has to be conveyed to ion channels in the plasma membrane, which then provide an entry pathway for extracellular Ca 2+ [2, [6] [7] [8] [9] [10] . The drop in ER luminal Ca 2+ is sensed by stromal interaction molecules (STIM), which undergo a conformational change, multimerize and move to regions near the plasma membrane, so called plasma membrane junctions (PMJ [11, 12] ). Here STIM1 proteins trap ORAI1 ion channel * Electronic address: schmidt@lusi.uni-sb.de † Electronic address: ivan.bogeski@med.uni-goettingen.de ‡ Electronic address: barbara.niemeyer@uks.eu § Electronic address: h.rieger@mx.uni-saarland.de proteins diffusing within the plasma membrane [9, [12] [13] [14] . Depending on the STIM1-ORAI1 stochiometry different ORAI1 conductance states are reached open and selectively conduct Ca 2+ ions into the cell. Although the electrophysiological correlate has been known as CRAC (Ca 2+ release activated Ca 2+ ) current since 1991, the exact protein composition of the complex has been a matter of debate. Several reports pointed towards dimeric ORAI1 channels at rest while tetrameric and hexameric stoichiometries have been proposed to form the ion conduction pore. Indeed recent results obtained from using concatenated constructs as well as the crystal structure of purified Drosophila Orai1 point towards hexameric Orai1 channels as the predominant species underlying I CRAC [15] [16] [17] .
While the amplitude of I CRAC is thus determined by the relative ratios of the STIM1 to ORAI1 protein levels [10, 18, 19] , it is also modified by external factors. When immune cells enter an area of inflammation, they encounter environments rich in reactive oxygen species (ROS). Exposure to ROS prevents ORAI1 from being activated whereas preassembled STIM1-ORAI1 complexes are insensitive towards inhibition by ROS [20] .
In [18] a Monod-Wynman-Changeux model is used to analyze the dependence of I CRAC on ORAI1 expression levels. In this model ORAI1 exists in two conformational states (open and closed) with four binding sites of STIM1 each, which results in ten channel states in total. Analysis of ORAI1 complexes with less binding sites disagreed with the experimental data. More binding sites have not been tested. With the assumption that STIM1 binds to ORAI1 with negative cooperativity the model provides a reasonable fit to I CRAC . While for an ORAI1 expression level less than two (a. u.) the dominating state is the open ORAI1 conformation with four STIM1 bound OS 4 , for higher ORAI1 expression levels the open states with three and two STIM1 bound dominate and the state OS 4 is nearly not occupied anymore [18] .
The stochastic reaction diffusion model of [21] assumes that the ORAI1 proteins are already accumulated into tetramers and that these ORAI1 complexes can trap one to four STIM1 dimers. This leads to four different CRAC channel states with different current capacities contributing to the calculation of I CRAC and to CRAC channel currents reaching steady state values not earlier than about 300 s. Furthermore the numbers of different CRAC channel states in dependence of the cooperativity factors α and β is analyzed. It is found that for all tested configurations (α, β) the best ratio of STIM1 monomers to ORAI1 tetramers is 7.5. In addition the number of active channels depends not only on the total number of ORAI1 proteins but also on the chosen cooperativity. For negative cooperativity and a small number of ORAI1 proteins the tetrameric states are most dominant, for a higher number of ORAI1 proteins the single STIM1 bound states dominate.
In [22] the diffusional behavior of STIM1 and ORAI1 in PMJ regions is addressed. Single-particle tracking and photoactivation experiments are combined with Monte Carlo simulations to analyze STIM1 and ORAI1 diffusion at PMJ regions in resting cells as well as in activated cells. It is found that in resting cells STIM1 proteins follow Brownian motion and ORAI1 motility is subdiffusive. After ER-store depletion ORAI1 and STIM1 movement is mostly restricted to PMJ spots and the data show that both proteins move together as a complex. Furthermore, in activated cells more proteins are immobile than in resting cells.
The junctional regions between ER and plasma membrane are not static [23] but the ER is remodeled by STIM1 proteins. Activated STIM1 proteins are able to form elongated ER cisternae close to the plasma membrane, which increase in number and length during ER depletion [24, 25] . The PM junctions seem to be predetermined since the puncta structures appear repeatedly at the same spots [26] .
In [27] an integrated particle system model is combined with stochastic modeling using a spatially heterogenous Gillespie algorithm to track single particles while CRAC channel formation. The presented model allows to observe the dynamics of single molecules as in single molecule tracking experiments and allows to change rates of action according to the history of the molecules.
Using a similar setup as [21] the diffusion of STIM1 complexes and the four different channels states is analyzed. Therefore the size of the PMJ is enlarged and the channel states do not rest at one single PMJ spot. In the beginning none of the species show sub-diffusive behavior but after 30 s the CRAC channel states move sub-diffusively with decreased diffusion rate, which is a result of restricting these complexes to the small PMJ spot. Together with this restriction the formation of STIM1-ORAI1 complexes results in differences of STIM1 movement before and after releasing Ca 2+ from ER.
While previous studies have used a reaction-diffusion system to model I CRAC [18, 21, 27, 28] , these models were based on a tetrameric CRAC channel configuration and a single junctional interaction region.
Recent studies analyzing the CRAC channel stoichiometries conclude that activated ORAI1 channels are present as hexameres. Yen et al. expressed hexameric concatemers of human ORAI1 [15] . Their measured currents reproduce the characteristics of CRAC channel current which gives evidences that CRAC channels follow a hexameric stoichometry. Single-molecule photobleaching experiments lead to the conclusion that ORAI1 forms dimers at resting state and that upon activation a mixture of dimers, tetramers and hexamers contributes to the total CRAC current [16] . The ORAI1 concatemer analysis of [17] finds that concatemers of different sizes (dimer to hexamer) all lead to significant Ca 2+ influx. Substitution of non-conducting subunits into different places in the concatemers shows, that the conducting capability of the whole hexameric concatemer depends on the position of the substituted subunit. This leads to two differnt possibilities for the CRAC channels: a pure hexameric arrangement and an assembly as " trimer-of-dimers".
The ROS-mediated CRAC channel inhibition is analyzed in [29] . Next to FRAP measurements to find differences in the diffusion parameter of inhibited and non-inhibited ORAI1, FRET measurements analyze the interaction strength between STIM1 and ORAI1 and between ORAI1 and ORAI1 for both WT and ROSpreincubated ORAI1. Altered diffusion and reaction behavior together with the findings of an intramolecular locking of the CRAC channels by H 2 O 2 could explain the reduced CRAC current of ORAI1 channels under H 2 O 2 influence.
The goal of the present study is to transfer these insights of CRAC channel stoichiometries into a new model for CRAC channel formation in order to analyze the different possibilities of ORAI1 channel configurations and their contribution to Ca 2+ influx into the cell.
Therefore we combine dimeric, tetrameric and hexameric structures of ORAI1 channels and adjust the interaction regions to include as many junctional regions as can be observed in the experiment. Furthermore, we account for WT ORAI1 and ROS-preincubated ORAI1.
The paper is organized as follows: In section II the reaction-diffusion-model is introduced. We distinguish two scenarios: the base case scenario and the H 2 O 2 scenario, which deals with a mixture of inhibited and non-inhibited ORAI1 channels. Consequently section III deals with the analytic, numeric and stochastic results. Finally, we discuss (IV) our results. 
II. METHODS
The formation of CRAC channels requires the interaction of two proteins, STIM1 and ORAI1. The STIM1 proteins are located at the ER membrane preassembled in form of dimers [30] . Similarly the ORAI1 proteins located at the plasma membrane are assumed as dimers as smallest unit. As soon as the STIM1 EF-hands, which reach into the ER lumen, sense a decrease in the luminal Ca 2+ concentration, the STIM1 proteins unfold and start to multimerize. These STIM1 multimers accumulate at regions near the plasma membrane, the plasma membrane junctions (PMJ). Here they attach to the plasma membrane and trap the ORAI1 proteins. Already a channel consisting of four STIM1 and two ORAI1 (i. e. in our model one CRAC channel subunit) is functional although with a low conductance. Also tetrameric or hexameric CRAC channel structures have been observed [16] . These channels consisting of two or three CRAC channel subunits respectively yield an even higher Ca 2+ influx per channel. Figure 1 schematically represents the different steps of CRAC channel formation. An external factor influencing the Ca 2+ influx through CRAC channels is the presence of ROS within the extracellular space. ORAI1 proteins exposed to ROS become inactivated, which means they can still form CRAC channels but the conductance of these inhibited channels is small in comparison to non-inhibited channels or even zero (cf. figure 2 ).
Based on the experimental observation described above we now formulate our theoretical model to analyze the ORAI1-STIM1 interaction during CRAC channel formation and the resulting CRAC current. In the following we assume that the ER store is already depleted, which is experimentally realized by adding 1 µM of the SERCA inhibitor thapsigargin. Then we describe CRAC channel formation by the following four steps:
1. Multimerization of the STIM1 proteins 2. Diffusion of STIM1 and ORAI1 proteins to the PMJ 3. Attachment of STIM1 proteins to a PMJ 4. Binding of STIM1 and ORAI1 proteins at the PMJ The multimerization of the STIM1 proteins is given by:
where S dimer represents a STIM1 dimer (resting state configuration of STIM1) and S denotes a STIM1 multimer (tetramer), which is able to form a CRAC channel subunit when combined with an ORAI1 dimer. The rates k poly and k depoly define the rates of multimerization and demultimerization respectively. Since after ER store depletion a strong multimerization of STIM1 dimers is observed, one has k multi k multi . The stationary solution is given by:
The ORAI1 dimers diffuse within the cell membrane, the STIM1 dimers and tetramers diffuse within the ER plasma membrane. The diffusion rate within the PMJ is assumed to be smaller than outside the plasma membrane junction [22] . The different channel states (|O , |OO and |OOO ) and the STIM1 tetramers connected to the PMJ (S rest ) are assumed to rest at the PMJ. Furthermore the reactions
describe the process of STIM1 tetramers attaching to the PMJ, which means these STIM1 tetrames S rest are fixed at the PMJ and are able to trap an ORAI1 dimer nearby. The core reaction scheme of CRAC channel formation is given by the following reactions, where S rest denotes the concentration of STIM1 tetramers fixed at the PMJ, O denotes the concentration of ORAI1 dimers within the PMJ and Z 1 , Z 2 , Z 3 denote the concentration of the three different CRAC channel states: Since CRAC channel formation and disassembly seems to be highly dynamic ( [18] and [29] ) we analyze the influence of an additional reaction between a hexamer CRAC channel state Z 3 and a CRAC channel subunit Z 1 :
This reaction " destroys" the fully open CRAC channel configuration and builds two intermediate CRAC channel states with lower Ca 2+ conductivity. Therefore we will call this reaction " stealing mechanism". Figure 3 shows a schematic representation of the reaction scheme. The yellow boxes indicate reactions only allowed at the PMJ.
The reaction rates k 1 , k 3 and k 5 (on-rates) as well as the rates k 2 , k 4 and k 6 (off-rates) are not chosen to be independent but are connected through a cooperativity parameter (α respectively β) to account for the findings of [18] . In analogy to [21] the dependency of the rates is assumed to be:
k 2n = β 2n · k 2 , n ∈ (0, 1, 2) .
As default we examine negative cooperativity (0 < α, β < 1) since we assume, that it gets harder to bind more and more proteins to an already established STIM1-ORAI1 complex. Nevertheless within the numerical analysis we also examine positive cooperativity (α, β > 1). Assuming that the reaction strength between a single CRAC channel subunit and a fully open CRAC channel is as strong as the reaction strength between a CRAC channel subunit and an intermediate state, we take for the rate for the stealing mechanism:
Because STIM1 multimerization, STIM1 attachment to the PM and STIM1-ORAI1 binding are more preferred than the respective backward reactions, we assume higher rate constants for the forward reactions. Similar to [21] we assume that STIM1 multimerizing is slower than STIM1-ORAI1 binding. The process of attaching to the membrane is assumed to be very fast, since just one (instead of two) protein complex is involved. Furthermore, we assume strong negative cooperativity. With the default numerical values for the reaction rate parameters as given in table I the model provides a reasonable time dependence of I CRAC .
The total Ca 2+ influx into the cell, I CRAC , is determined by the number of channels N Zi weighted with their respective conductivity c i :
with c 1 = 0.01, c 2 = 0.25 and c 3 = 1.0. The number of channels can be calculated via the formula:
where A cell ≈ 2 · 10 3 µm 2 denotes the size of the cell surface and p P M J ≈ 15% describes the fraction of the cell surface where ORAI1 proteins accumulate, the PMJ regions.
In the following we will analyze the reaction-diffusion model as follows: First, the core reactions without and with stealing mechanism at the PMJ will be analyzed analytically and numericallywith special emphasis on the steady state values for the channels states and for I CRAC .
In a second step we will combine the reaction and diffusion part of the model into a stochastic reaction-diffusion model. Within this model the results of TIRF measurements are used to describe and quantify the changes in PMJ clusters.
To account for diffusion in the stochastic model the model area is discretized in a grid of 100 × 100 grid cells called subvolumes each representing an area of ∆l ×∆l = 0.1 µm × 0.1 µm. The diffusion of the proteins is treated as reactions with reaction rates d = D/(∆l) 2 assuming periodic boundary conditions. Numerical values for the diffusion constants are given in table II. 
Table II: Diffusion constants for STIM1 and ORAI1 outside and within the PMJ, (*) assuming that as outside the PMJ the tetramers are half as fast as the dimers
The two-dimensional model area represents the cell membrane and the plasma membrane simultaneously. The interaction of ORAI1 and STIM1 is only possible at regions, where the ER membrane and the plasma membrane are close together, the plasma membrane junctions PMJ. Therefore, some of the subvolumes of our model area are labeled PMJ. Reaction (1) and diffusion is possible in all subvolumes, reactions (3) to (7) are just allowed at the PMJ.
To determine how many subvolumes must be PMJ we analyzed the ORAI1 cluster in HEKS1 cells (i. e. HEK293 stably expressing STIM1 cells) via TIRF microscopy (cf. figure 4 ). After addition of the SERCA inhibitor thapsigargin (1 µM ) leading to passive ER store depletion, the GFP-tagged ORAI1 proteins diffused within the cell membrane to the PMJs. Figure 4A shows a snapshot of two cells immediately after store depletion, figure 4C the same cells 300 s later. Analyzing in total 19 cells via TIRF microscopy and with the help of imageJ regarding number and mean size of ORAI1 clusters we find the following (cf. figure 5 ): Within the first 50 seconds the number of clusters rises to about 20 per cell and simultaneously the average size of the clusters increases rapidly from 0.3 µm 2 to about 0.55 µm 2 . After this rapid rise the number of clusters doubles within the next 200 seconds until it reaches a value between 40 and 45. At the same time the average size of clusters drops slightly but then rises again to about 0.6 µm 2 .
In our analysis we increase the number of PMJ subvolumes from one to six within the first 50 seconds and from five to eleven within the next 150 seconds. Simultaneously we increase their size from 0.3 µm 2 to 0.6 µm 2 within the first 200 seconds in order to analyze the influence of the PMJ formation.
Analogously we analyzed cells preincubated with ROS (figures 4B and D). Since size and amount of ORAI1 cluster were similar between the two analysis, the same settings in the model are used.
To analyze the reaction-diffusion system described above we perform computer simulations using a Gillespie Monte Carlo algorithm [31] with an efficient implementation technique [32] optimizing the computation time. At the beginning of the simulation (t = 0 s) all proteins are homogeneously distributed and the ER Ca 2+ store is assumed to be empty.
H2O2 scenario
We analyze two different scenarios: The base case scenario described above and the H 2 O 2 scenario to analyze the influence of ROS. To account for the H 2 O 2 preincubated cells we modify the reaction-diffusion scheme as follows:
• Additional to the CRAC channel states Z 1 
• New reactions were introduced by exchanging the states O, |O , |OO and |OOO of reactions (4) to (7) by the new states in every possible combination.
• To model I CRAC a new parameter δ was introduced quantifying the degree of inhibition. We assume that the conductance of CRAC channel states consisting of total ROS-inhibited ORAI1 is given by the fraction δ of the respective CRAC channel state of WT ORAI1. To model the conductance of mixed CRAC channel states (consisting of WT and ROSinhibited ORAI1), we assume that each included WT dimer contributes to the conductance as before and each included ROS-inhibited dimer contributes with fraction δ of the WT case. 
In [29] the interactions between STIM1 and ORAI1 proteins and between ORAI1 and ORAI1 proteins were analyzed. Foerster Resonance Energy Transfer (FRET) values of STIM1 proteins with ORAI1 proteins inhibited by H 2 O 2 were significantly larger (0.24 ± 0.03) than FRET values of STIM1 proteins with WT ORAI1 (0.15 ± 0.01). In contrast, the ORAI1-ORAI1 subunit interaction was reduced by 46%. Fluorescence recovery after photobleaching (FRAP) measurements revealed a 1.7 times smaller rate of recovery for preincubated ORAI1 proteins [29] . Therefore the diffusion constant of O H and the reaction ratesk 1 andk 2 as well as the cooperativity parametersα andβ of the new reactions are defined as:
III. RESULTS

A. Analytical and numerical analysis of the Base Case Scenario
Within the analysis of the base case scenario, we examine two reaction systems. The first reaction system consists of the core reactions only, the second reaction system includes the additional stealing mechanism. The core reaction system reads:
and when including the stealing mechanism, the right hand sides of (14) are extended by:
The total amounts of ORAI1 (in whichever CRAC channel configuration) and of STIM1 respectively have to be conserved, which means:
The second condition is always fulfilled when (16) is fulfilled, since the right hand sides of the differential equations for O and S are identical and we consider the following initial conditions:
Considering the reaction system without stealing (eqns (14)), the second equation of (14) can be rewritten as:
which results in
where c 0 is determined by the initial condition (18) , which yields c 0 = O tot . This is identical to the additional condition above (16) .
The stationary state of the reaction system (14) obeys:
These are three independent equations with five con-
) and six reaction rates k i .
With the cooperativity parameters α and β for the onand off-rates and using the abbreviations
the equation system can be rewritten in terms of the stationary number of free ORAI1 and free STIM1 proteins:
Together with the conservation laws (16) and (17) , which can be solved numerically. All other stationary concentrations then follow.
Similarly we analyzed the reaction system with stealing mechanism (eqns (15)): The additional stealing reaction (7) should help to regulate the formation of CRAC channels. The corresponding stationary equation system together with the two conservation laws (16) and (17) can be simplified to the following non-linear, nonhomogeneous equation system:
which is consistent with the basic solution for k 7 = 0.
Time evolution of the CRAC channel states
The reaction systems (14) and (15) can be solved numerically. In both reaction systems the stationary value of the CRAC channels states is reached after about two seconds. In experiments ( [29] ) it is observed that the (14), solid lines) and the reaction system with stealing mechanism (eq (15), dashed lines) for the rate parameters as given in delay between tapsigargin addition and the steady state Ca 2+ influx is larger than two seconds, which means that the delay is also influenced by the diffusion of STIM1 and ORAI1 proteins towards the PMJ. Figure 6 exemplifies the time evolution of all three CRAC channel states normalized to the total amount of ORAI1 (O tot ) within the first five seconds, with the parameters given in table I. The solid lines represent the core reaction system (14) and the dashed lines represent the system with stealing mechanism (15) . In both cases the single subunit state Z 1 is rarely occupied (less than 2 · 10 −4 ), as on-reactions are more preferred than off-reactions, while Z 2 and Z 3 show more interesting features:
The time course of Z 2 and Z 3 is determined by k 1 and k 2 . Analyzing the base case scenario without stealing mechanism shows the following: The larger k 1 the steeper the rise of Z 2 within the first milliseconds, the larger k 2 the faster the following drop of Z 2 . Similarly the rise of Z 3 is determined by the magnitude of k 1 . Large k 2 yields a second (slower) rise of Z 3 within the next five seconds. Furthermore k 2 determines whether Z 2 or Z 3 dominates after these five seconds, i. e. the larger k 2 the more hexameric CRAC channel states are established and the less tetrameric states are found. Analysis of the base case scenario with stealing mechanism shows similar dependence of the time evolution of Z 2 and Z 3 . The main differences occur in the absolute values of these two states and that even for large k 2 the hexameric state is less occupied than the tetrameric state.
Influence of the rate parameters
In a second step we analysed the influence of the rate parameters (k 1 , k 2 , α and β) on the steady state values. Keeping all but the parameters displayed on the x-axis fixed as given in table I, figures 7 (green) in dependence of the rate parameters k1 (A) and k2 (B) for the core reaction system (eq (14), solid lines) and with stealing mechanism (eq (15), dashed lines). If not varied as displayed on the x axis (log-scale!), the rate parameters are chosen as given in table I.
for varying the respective parameters. Solid lines indicate the core reaction system, while dashed lines indicate the inclusion of the stealing reaction. Figure 7A shows the influence of the on-rate k 1 on the stationary solution of the reaction schemes. In both cases the behavior of Z 1 is similar: Only in the case when the on-rate is small (between 10 −2 l/(mol · s) and 10 2 l/(mol ·s)) a lot of dimeric CRAC channels states can be found. If the on-rate is even less than 10 −3 l/(mol · s) no channels at all are formed. The behavior of intermediate CRAC channel states on changes of k 1 differs without (14) or with (15) stealing mechanism. In the second case a larger on-rate yields to more tetrameric CRAC channel states up to the value 0.22. In the first case just for on-rates between 10 −1 l/(mol · s) to 10 5 l/(mol · s) a non negligible stationary value of Z 2 is reached. As already expected from the data of the time evolution analysis, the most dominant state of the core reaction system is the hexamer configuration for large on-rates. In case of core reactions with stealing mechanism the stationary value of Z 3 is smaller than the one of Z 2 for large on-rates, which means, that more tetramers than hexamers are formed.
Keeping the on-rate fixed and varying the off-rate (figure 7B) results always in no noticeable values of Z 1 . This is obvious from the data before, because in the examined interval the on-reactions are always more preferred than the off-reactions. In the core reaction scenario the tetramer configuration is more often adopted as the hexamer configuration as long as the off-rate is smaller than 10 −3 1 s and then drops to almost zero for larger off-rates. In contrast to this the hexamer configuration starts at a value of 0.177 for small off-rates, rises to a value of 0.344 at k 2 = 0.01 and than slightly drops again to 0.289 for even larger off-rates. In the reaction system with stealing mechanism the tetramer configuration is always favored, while the gap between tetramer and hexamer configuration scales down from 0.2 for off-rates between 10 −9 to 10 −3 to 0.04 for larger off-rates. Figure 8A shows the dependence of the CRAC channel states on the on-rate cooperativity parameter α. Only for small α (smaller than 0.05) compared to the off-rate (green) in dependence of α and β for the core reaction system (eq (14), solid lines) and with stealing mechanism (eq (15), dashed lines). If not varied as displayed on the x axis, the rate parameters are chosen as given in table I. (14)), dashed lines show the corresponding values for the reaction scheme including the stealing mechanism (eq (15)). Rate parameters are chosen as given in table I. cooperativity parameter β (0.25) the steady state values of Z 2 and Z 3 develop from zero to their respective constant value as in the analysis above. Z 1 drops from 1 (α = 0) to 10 −3 (α = 0.1) and than to less than 10 −5 for α rising until 0.2.
In contrast to this Z i change more significantly on changes of the off-rate cooperativity parameter β, when α is fixed at 0.25 (cf. figure 8B) . For the core reaction system Z 1 rises linear from zero to 2.5 · 10 −4 for β between zero and two. Similarly Z 2 rises from zero to 0.29 and Z 3 drops from 0.2 to 0.14 for β between 0.1 and two. the results for the different stationary CRAC channel states normalized to O tot . As soon as there are twice or more as many STIM1 dimers than ORAI1 dimers the stationary values of Z i are constant. For ratios of STIM1 to ORAI1 below two we see a linear rise of the steady state values Z 2,3 form zero to their respective value at STIM1 / ORAI1 = 2 in both cases. Z 1 of the core reaction scheme first shows a steep linear and than slightly slower rise to its final value.
In comparison, figure 10 shows the stationary values of Z i and I CRAC normalized to O tot in dependence of the ratio S tot /O tot with simultaneous rise of β (linear from 0.25 to 6.25). This scenario corresponds to the assumption that it gets more difficult for CRAC channel units to build up larger complexes as more and more STIM1 proteins arrive at the PMJ. In this case all Z i first rise between S tot /O tot = 0 and S tot /O tot = 2 (0.25 ≤ β ≤ 0.55). Subsequently, Z 1 and Z 2 rise more slowly whereas Z 3 drops for larger β and larger ratios S tot /O tot . This results in both reaction systems (without stealing (14) , solid line, and with stealing (15), dashed line) in a slight decrease of I CRAC . A similar behavior is seen in [28] . (14)), dashed lines show the corresponding values for the reaction scheme including the stealing mechanism (eq (15)). STIM1 proteins to ORAI1 proteins. Figure 11 shows the development of I CRAC normalized to the total available amount of free ORAI1 dimers within the first 20 seconds for three different ratios STIM1 / ORAI1 for the core reaction scheme without (solid lines) and with (dashed lines) stealing mechanism. In contrast to the numerical analysis above the respective steady state value of I CRAC is reached after about eight to ten seconds not already after about two seconds. This is because diffusion of ORAI1 and STIM1 proteins are now taken into account. For all three ratios of STIM1 / ORAI1 (STIM1 / ORAI1 = 1, 2 and 3 in black, blue and red respectively) the core reaction scheme without stealing mechanism leads to a higher amount of Ca 2+ influx compared to the reaction scheme with stealing mechanism. In both reaction schemes, Ca 2+ influx is highest for STIM1 / ORAI1 = 3. It is slightly lower for STIM1 / ORAI1 = 2 and significantly lower for STIM1 / ORAI1 = 1. Figure 12 shows the steady state values of Z stat i and I stat CRAC normalized to O tot in dependence of the ratio STIM1 / ORAI1. For both reaction schemes without and with stealing the numbers of tetramer and hexamer CRAC channel states rise linear from STIM1 / ORAI1 = 0 to STIM1 / ORAI1 2.5 and then stay at a constant value except for statistical fluctuations. The number of CRAC channel subunits Z 1 is low in comparison to the number of higher CRAC channel states.
B. Stochastic analysis of the Base Case Scenaraio
As in the numerical analysis the hexamer states are the most dominant for the base case scenario without stealing mechanism and the tetramer states are the most dominant for the base case scenario with stealing mechanism. This results in lower I CRAC in the latter scenario.
In contrast to the numerical analysis above, the highest steady state value of I stat CRAC is reached at STIM1 / ORAI1 2.5 and not at exactly STIM1 / ORAI1 = 2. The latter ratio is the minimum number of STIM1 tetramers needed to saturate all free ORAI1 dimers available and therefore is the theoretical minimal ra- (blue, red, green respectively) and of I stat CRAC (black) in dependence of the ratio STIM1 / ORAI1. Solid lines indicate the core reaction scheme (eq (14)), dashed lines show the corresponding values for the reaction scheme including the stealing mechanism (eq (15) ). tio at which the highest value of I CRAC is reached. The stochastic analysis includes diffusion of STIM1 and ORAI1. In this case there is more than the minimum amount of STIM1 needed to saturate all ORAI1 dimers, because it is possible, that free STIM1 tetramers and free ORAI1 dimers are not at the same spot and therefore can not react with each other. Are there about 25% more STIM1 proteins available than the minimal theoretical amount needed the maximal Ca 2+ influx is reached.
In the following we perfom all analysis with the reactions of the core system with stealing mechanism.
Influence of the diffusion constant of ORAI1
Comparing WT ORAI1 channels with ROS preincubated ORAI1 channels one experimentally measured parameter concerns the diffusion constant of ORAI1. WT ORAI1 proteins are faster than ROS preincubated ORAI1 channels [29] . To analyze, whether this could influence the total Ca 2+ influx into the cell, we altered the diffusion rate of the ORAI1 dimers outside and inside the PMJ areas in our model. Figure 13 shows the amplitude of I stat CRAC as well as the number of active channels at steady state (i. e. at t = 300 s) normalized to O tot in dependence of the diffusion constant of the ORAI1 dimers. The diffusion constant D O outside the PMJ regions was varied between 0 and 0.5 mm 2 /s. To account for the slower diffusion of ORAI1 within the PMJ, D P M J O was set to 3 · D O /7 in analogy to the difference in the measured values of [13] and [22] (compare table II influx seen in experiments ( [29] ) between the H 2 O 2 scenario and the WT scenario.
Influence of altered reaction rates
In a next step in [29] the interactions between STIM1 and ORAI1 proteins and between ORAI1 and ORAI1 proteins were analyzed. According to this we changed the reaction parameters as described in eq (13) . Combined with the modified diffusion constant (D O = D O /1.7) the temporal course of I CRAC was examined. The results are shown in figure 14 . The faded black, blue and red curves show the courses of WT ORAI1 for the three ratios of STIM1 / ORAI1 = 1, 2 and 3 respectively. These courses are being compared to the modified version (mod) of the base case scenario including the altered reaction rates and the altered diffusion constant (black, blue and red respectively). The differences between the basic reaction scheme and the modified version are small.
To sum up, the analysis of the base case scenario leads to the following conclusions:
• I CRAC strongly depends on the ratio of STIM1 / ORAI1. Ca 2+ influx is highest for STIM1 / ORAI1 2.5.
• The dominant channel form of the steady state value of I stat CRAC (at t = 300 s) depends on the possibility of single CRAC channel subunits to disrupt hexameric channels (what we call " stealing mechanism"). Are the subunits not able to disrupt the fully open CRAC channels (core reactions, eqns. (14) ) the hexameric state is the most favored state. Including the stealing mechanism ( eq.(15)) leads to a lower number of hexamers and a higher number of tetramers. The total amount of Ca 2+ influx is decreased in this case.
• Altering the diffusion rate of free ORAI1 dimers does not result in significant changes of I stat CRAC . • Altered reaction and diffusion rates according to [29] (eq. (13) andD O = D O /1.7) do not significantly change the temporal course of I CRAC for different ratios of STIM1 / ORAI1.
C. Stochastic analysis of the H2O2 Scenario
In the next step we extended our model taking the findings of an intramolecular locking of ORAI1 channels by H 2 O 2 ([29]) into account. We introduce a new particle species O H , which represents ORAI1 proteins that reacted with ROS (cf. section II). Thus three parameters are of major interest:
• The ratio of the total amount of STIM1 proteins to the total amount of ORAI1 proteins (i. e. free O and O H as well as all ORAI1 proteins in whichever CRAC channel configuration) S tot /O tot ,
• the ratio of ROS-inhibited ORAI1 (free and bound in CRAC channels) to the total amount of ORAI1 O H /O tot and
• the inhibition parameter δ (cf. eq. (12)).
As default values we choose S tot /O tot = 2, O H /O tot = 0.95 and δ = 0.1. To count the different channel states we summed up all different combinations occurring of each type of CRAC channel state, which means
where the numbers of H in the exponent indicate how many ORAI1 dimers that interacted with ROS are part of the respective CRAC channel. First, we exemplarily analyzed the temporal course of all occurring Z j i at default values. Figure 15A shows the total number of single CRAC channel subunits in the H 2 O 2 scenario (black) compared to the base case scenario (blue). In addition, the two possible configurations of CRAC channel subunits in the H 2 O 2 scenario are shown in gray. We see that within the temporal course, the total numbers of subunit states stay constant in both scenarios except for statistical fluctuations. In contrast, the composition of Z tot 1 in the H 2 O 2 scenario changes within time: The number of WT subunits (Z 0 1 ) increases, while the number of ROS-inhibited subunits (Z H 1 ) decreases. The analysis of the tetramer and the hexamer CRAC channel states shows similar features ( figure 15B and C) :
The total numbers of the respective channel configurations stays constant in both scenarios, while the composition of Z tot i of the H 2 O 2 scenario changes: For small t a lot of total ROS-inhibited channels can be found. For larger t the number of total ROS-inhibited channels decreases, while the numbers of mixed channel states and of homomeric WT channel states increase.
Comparing the total numbers of Z i of the two different scenarios we see the following: There are less single CRAC channel subunits, roughly equal tetramer CRAC channels and more hexamer CRAC channel states in the base case scenario than in the H 2 O 2 scenario. These differences as well as the dynamic changes in the composition of Z tot i occur due to the differences in the reaction rates between WT channels and partially or completely ROS-inhibited channels. Whilek 1 andk 2 are larger than k 1 and k 2 , the rates for reactions between higher CRAC channel statesk 3 tok 7 are smaller than for simple WT CRAC channel states k 3 to k 7 (cf. eq. (13) and table I).
In the next step we varied these three parameters and analyzed the respective temporal courses of I CRAC (figs 16A, 17A and 18A) and the steady state values of the different CRAC channel states Z i as well as of I CRAC normalized to O tot (figs 16B, 17B and 18B).
First, we analyzed the ratio S tot /O tot while the other two parameters were fixed at their respective default values ( figure 16B ). As in the base case scenario, the highest Ca 2+ influx is reached for S tot /O tot 2.5. Due to altered reaction parameters in the H 2 O 2 scenario, less hexameric channels and more tetrameric and dimeric channels are formed. The absolute value of I CRAC is significantly smaller (≈ 35%) in the H 2 O 2 scenario since the Ca 2+ conductance of the ROS-inhibited ORAI1 channels (or channel parts) is just ten percent of the conductance of WT ORAI1 channels.
We compare the temporal course of I CRAC between the two scenarios for different ratios of S tot /O tot (figure 16A, S tot /O tot = 1: black, S tot /O tot = 2: blue, S tot /O tot = 3: red). We see that in the base case scenario (solid lines) as well as in the H 2 O 2 scenario (dashed lines) I CRAC reaches as stable state after the first five seconds. In Analyzing the temporal course of I mix CRAC at different ratios of O H /O tot (cf. figure 17A) 
which is equal to multiplying equation (10) with δ.
Finally the influence of δ for fixed ratios S tot /O tot = 2 and O H /O tot = 0.95 is examined ( figure 18B) . In general the steady state value of I mix CRAC increases with increasing δ, which is as expected, since the Ca 2+ influx depends linear on δ (cf. equation 12).
Comparing different values of δ the temporal courses and absolute values of I mix CRAC differ much from each other ( figure 18A ). Large δ leads to a faster increase of I mix CRAC (t), which is obvious from the data before (cf. these states contribute strongly to I mix CRAC . For δ = 0 (black), which means CRAC channels including ROS preincubated ORAI1 dimers can not conduct any Ca 2+ into the cell, I mix CRAC rises within the total analyzed time interval (t ∈ [0 s, 300 s]). A similar behavior is seen for small delta (δ = 0.1, blue). In the case that channels including ROS preincubated ORAI1 contribute half as strong to I mix CRAC as the channels consisting of WT ORAI1 only (δ = 0.5, red) the temporal course of I mix CRAC is almost stable after about 30 seconds. If the mixed and the WT channels contribute in equal manner to I mix CRAC (δ = 1, green), the same rises to a maximum after 30 seconds and than drops continuously again.
These differences and especially these instabilities in the course of I CRAC arise, because the compositions of the total numbers of CRAC channel states Z tot i are not stable either. Due to the different on-and off-rates as well as the different cooperativity parameters α and β for WT ORAI1 and WT CRAC channel states and for ROS preincubated ORAI1 and mixed CRAC channel states, the process of binding and unbinding of CRAC channel states stays dynamic. Therefore, also the predicted Ca 2+ current, which is estimated by the numbers of different CRAC channel states is dynamic.
Summing up, the introduction of the new species, the ORAI1 dimers which reacted with ROS before building CRAC channels, leads to changes of the predicted Ca 2+ influx into the cell:
• As CRAC channels including ROS preincubated ORAI1 dimers contribute less to the Ca 2+ current than simple WT CRAC channels, the total I mix CRAC drops largely, when a lot of ROS preincubated ORAI1 dimers are taken into account.
• Introducing the new species O H leads to dynamic binding and unbinding of the CRAC channel states and therefore the temporal course of I mix CRAC differs from the course seen in the base case scenario.
• Depending on the chosen set of parameters (S tot /O tot , O H /O tot and δ), I mix CRAC either continuously rises within the examined 300 seconds, reaches a stable steady state value after less then 30 seconds, or drops again after reaching a maximum value.
Simultaneously, one feature of the base case scenario remains unchanged in the H 2 O 2 scenario: If the number of available STIM1 dimers is at least 2.5 times larger than the total number of ORAI1 dimers, the highest values of I mix CRAC at t = 300 s are reached.
IV. DISCUSSION
With the help of a reaction-diffusion model we analyzed the STIM1-ORAI1 stoichiometries during CRAC channel formation, the influence of dynamic PM junctions and additionally focused on the effects of ROS inhibition.
Within the base case scenario, which correlates to WT ORAI1 in experiments we find that the highest value of the amplitude of I CRAC is reached when the ratio of STIM1 / ORAI1 equals or is larger than 2 in the analytical and numerical analysis and equals or is larger than 2.5 in the stochastic analysis. The difference occurs, since in the stochastic case diffusion of the proteins is taken into account and the minimal number of STIM1 does not suffice the free ORAI1 dimers, since they are possibly not at the same spot.
Analyzing the numbers of active channels and the distribution of those, it is found that the most frequently occupied channel state is the hexameric channel state, followed by tetrameric channels for the core reaction system. Taking into account a further reaction between free ORAI1 dimers and fully open CRAC channel states (what we call " stealing mechanism"), the most dominant channel configuration is tetrameric followed by hexameric states. In this case the total amount of I CRAC is lower than without stealing mechanism. The dimeric channel subunit plays a minor role in contributing to Ca 2+ influx into the cell. This analysis indicates, that the most likely channel configuration and with that the amount of Ca 2+ influx can be controlled by the interplay between single CRAC channel subunits and already established CRAC channels.
Analyzing variations of the diffusion constant of ORAI1 and changes in the reaction rate parameters (onand off-rate as well as cooperativity parameters α and β) shows, that for small off-rates the tetramer CRAC channel state configuration is more often occupied than the hexamer configuration in both cases, without and with stealing mechanism. For larger off-rates the situation changes: Considering the core reactions only, the hexamer configuration is more likely than the tetramer configuration. Considering the core reaction system with stealing mechanism, the tetramer configuration is still more often occupied, but the gap between the tetramer and the hexamer configuration is much smaller. The influence of the on-rate cooperativity parameter α on the different channel states is negligible in the examined parameter range. Large off-rate cooperativity parameter β leads to less hexamer CRAC channel states than small β and simultaneously more tetramer CRAC channel states.
Analytic and numeric analysis of the steady state value of I CRAC in dependence of the on-and off-rates as well as the ratio of STIM1 / ORAI1 show, that increasing both the unbinding cooperativity and the ratio STIM1 / ORAI1 results in a slight decrease of I stat CRAC after the highest value (for STIM1 / ORAI1 = 2) is reached. This is in good agreement with the exerimental results of [28] .
In a further step the influence of ROS-inhibited channels was analyzed. Therefore the whole reaction-diffusion system was extended by a new type of species (the ROS preincubated ORAI1) and the formation of channel complexes was altered accordingly. Analysis show that still for the ratio of STIM1 / ORAI1 being equal or larger than 2.5 the largest Ca 2+ influx is observed. In this case the maximum value of I CRAC , which is only 35% of the maximum value of the base case scenario, is reached. The introduced inhibition parameter δ influences I CRAC (t) for given ratios STIM1 / ORAI1 and O H /O tot . For large amounts of O H with respect to the total amount of ORAI1, I CRAC drops drastically.
Alansary et al. [29] analyzed the influence of ROS on the amplitude of Ca 2+ influx experimentally. In accordance to these experiments our analysis shows, that the drop in I CRAC for preincubated ORAI1 is not only due to alterations in the diffusion constant of ORAI1 and in the ORAI1-ORAI1 and the ORAI1-STIM1 interaction, but that there is another mechanism needed to explain the strong decrease of I CRAC . In [29] it is found that the interaction of two transmembrane domains lock the CRAC channel when preincubated with ROS. The introduction of the new channels into the model to account for this locking shows, that with this modification the drastic decrease of I CRAC can be explained, while only changing the reaction and diffusion parameters according to the changes found in the experiment does not yield such a large decrease in I CRAC .
Recent experiments, which analyze the ORAI1 stoichiometry of CRAC channels demonstrate that fully functional ORAI channels exist as hexamers, in accorcance with the crystal structure [15, 17, 33] . Other experiments indicate that CRAC channels can occur as a a mixture of hexameric, tetrameric and dimeric channel complexes or as hexamers with different conducting states [16, 34] . A very recent report provides evidence for the existence of different conductance states of hexameric channels due to the ability of STIM1 dimers to crosslink neighbouring ORAI1 hexamers to provide a more efficient activation for a given number of STIM1 molecules [35] . Until now, there has been no model taking these new findings into account. We therefore close this gap and present a reaction-diffusion model in which we include three types of channels and therefore three types of conducting states: A CRAC channel subunit with only one ORAI1 dimer bound to STIM1 proteins with low conduc-tance, an intermediate tetrameric CRAC channel with medium conductance and a fully open (i. e. hexameric) CRAC channel state with full conductance. Our model would lead to similar results if we assume the different conductance states to be due to hexameric channels with different number of bound STIM1 molecules.
With the help of the introduced " stealing mechanism" we can account for the dynamic reversible binding reactions between free STIM1 and ORAI1 as seen in [22] . In contrast to these findings in our model the free proteins remain within the junctional region.
Previous models [18, 21, 22, 27] all assume tetramers as highest ORAI1 complexes. All studies evolve the best ratio of single STIM1 monomers to single ORAI1 monomers to be roughly 2:1. Also in our model, which is adapted to tetrameric and hexameric CRAC channels, the ratio of STIM1 / ORAI1 must be at least two or larger to gain highest Ca 2+ influx.
While the models of [21] and [27] assume a static area as PMJ region, we allow a dynamic grow of the PMJ regions as seen in the cluster analysis of TIRF experiments.
In contrast to the previous models we can distinguish between the reaction-diffusion analysis of WT ORAI1 with STIM1 and the reaction-diffusion analysis of ROSinhibited ORAI1 with STIM1. We can tune the quantity of inhibited proteins and therefore can predict the magnitude of Ca 2+ influx in dependence of the ratio of preincubated ORAI1 to the total amount of ORAI1.
In summary the described model opens the possibility to predict Ca 2+ influx into cells while modifying reaction and diffusion parameters, the amount of ROS-inhibited ORAI1 proteins and the predefinition of PMJ regions. So far, assessing and tuning these parameters experimentally is hard. Therefore our model can reveal new insights in the complex and dynamic stoichiometry of STIM1 and ORAI1 proteins during CRAC channel formation.
Addressing the Orai-STIM interaction during CRAC channel formation may also rise the question of how different STIM and Orai homologs (i. e. STIM2, ORAI2 and ORAI3) may influence the stoichiometry of the CRAC channels and the Ca 2+ influx. For example recent studies [36] find that the CRAC channels consisting of a mixture of ORAI1 and Orai3 show redox insensitivity. Further extensions of a model according to these homologs may offer new insights into the complex analysis of CRAC channel formation.
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